Bacteriolytic antibiotics cause the release of bacterial components that augment the host inflammatory response, which in turn contributes to the pathophysiology of brain injury in bacterial meningitis. In the present study, antibiotic therapy with nonbacteriolytic daptomycin was compared with that of bacteriolytic ceftriaxone in experimental pneumococcal meningitis, and the treatments were evaluated for their effects on inflammation and brain injury. Eleven-day-old rats were injected intracisternally with 1.3 ؋ 10 4 ؎ 0.5 ؋ 10 4 CFU of Streptococcus pneumoniae serotype 3 and randomized to therapy with ceftriaxone (100 mg/kg of body weight subcutaneously [s.c.]; n ‫؍‬ 55) or daptomycin (50 mg/kg s.c.; n ‫؍‬ 56) starting at 18 h after infection. The cerebrospinal fluid (CSF) was assessed for bacterial counts, matrix metalloproteinase-9 levels, and tumor necrosis factor alpha levels at different time intervals after infection. Cortical brain damage was evaluated at 40 h after infection. Daptomycin cleared the bacteria more efficiently from the CSF than ceftriaxone within 2 h after the initiation of therapy (log 10 3.6 ؎ 1.0 and log 10 6.3 ؎ 1.4 CFU/ml, respectively; P < 0.02); reduced the inflammatory host reaction, as assessed by the matrix metalloproteinase-9 concentration in CSF 40 h after infection (P < 0.005); and prevented the development of cortical injury (cortical injury present in 0/30 and 7/28 animals, respectively; P < 0.004). Compared to ceftriaxone, daptomycin cleared the bacteria from the CSF more rapidly and caused less CSF inflammation. This combined effect provides an explanation for the observation that daptomycin prevented the development of cortical brain injury in experimental pneumococcal meningitis. Further research is needed to investigate whether nonbacteriolytic antibiotic therapy with daptomycin represents an advantageous alternative over current bacteriolytic antibiotic therapies for the treatment of pneumococcal meningitis.
Bacterial meningitis causes high rates of mortality and morbidity, despite efficient antibiotic treatment. Long-term sequelae of the disease are common and include hearing loss, seizures, sensory-motor deficits, and impairment of learning and memory (15) . Streptococcus pneumoniae is among the most common causes of bacterial meningitis (7, 59) and is associated with the highest incidence of sequelae in both children (40) and adults (55, 58) . The inefficiency of the host immune system at controlling S. pneumoniae infections in the cerebrospinal fluid (CSF) allows the rapid growth of the bacteria. As a consequence, the proliferation and autolysis of the bacteria produce large quantities of proinflammatory bacterial components. These contribute to the intense inflammatory reaction that contributes to the development of damage to the brain (21, 33, 54) . Bactericidal antibiotic regimens reduce the overall release of bacterial components, which would otherwise occur during unhindered replication and autolysis. Yet, cell wallactive antibacterials can temporarily enhance the liberation of bacterial components (38) . This has been shown to cause a burst of meningeal inflammation during experimental meningitis (37, 52) . In contrast, antibiotics acting on bacterial DNA, RNA, or protein synthesis may reduce the level of inflammation by limiting the release of bacterial components. Daptomycin, a new lipopeptide antibiotic, causes rapid bactericidal activity without cell lysis (48, 56) . Its action results from depolarization of the bacterial cytoplasmic membrane, resulting in the cessation of RNA/protein synthesis (1) . Daptomycin treatment could therefore provide an advantage by reducing the amounts of proinflammatory bacterial products released.
Recently, daptomycin was shown to be highly efficacious against penicillin-and quinolone-resistant pneumococci in an experimental rabbit model of meningitis (9) . The high incidence of penicillin-nonsusceptible S. pneumoniae strains (10, 11, 30) and the observed increase in the incidence of cephalosporin-resistant and vancomycin-tolerant strains may jeopardize the use of cefotaxime/ceftriaxone combined with vancomycin for the treatment of pneumococcal meningitis (53) . Daptomycin would therefore represent a valuable therapeutic option.
The aim of this study was to determine the potential beneficial effect of daptomycin therapy over ceftriaxone therapy in an infant rat model of meningitis in terms of inflammatory parameters and brain damage.
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cal meningitis was used (3, 18, 25, 29, 43) . Eleven-day-old Wistar rats (n ϭ 111; Charles River, Germany) were injected intracisternally with 10 l of saline containing 1.3 ϫ 10 4 Ϯ 0.5 ϫ 10 4 CFU of Streptococcus pneumoniae (a clinical isolate of a serotype 3 strain) or with 10 l of sterile, pyrogen-free saline (n ϭ 14) as controls. Eighteen hours later, CSF samples were obtained by puncture of the cisterna magna and cultured quantitatively on sheep blood agar plates to document that they had meningitis. The number of bacteria in the CSF was determined by plating serial dilutions of 10 l of CSF on blood agar plates (34) . The animals were randomized to receive daptomycin (n ϭ 56; 50 mg/kg of body weight subcutaneously [s.c.]; Cubicin; kindly provided by Cubist Pharmaceuticals Inc., Lexington, MA) or ceftriaxone (n ϭ 55; 100 mg/kg of body weight s.c.; Rocephine; Roche Pharma) (3, 18, 25, 29, 43) . A second intracisternal puncture was performed at defined time points after the infection, i.e., 20 h (n ϭ 16 for each treatment group), 24 h (n ϭ 9 for each treatment group), and 40 h (n ϭ 30 for daptomycin and n ϭ 28 for ceftriaxone) after infection; and the bacterial titers in the CSF were determined. The withdrawal of CSF by intracisternal puncture did not consistently yield sufficient volumes for the assessment of all CSF parameters. Two animals treated with ceftriaxone and one animal treated with daptomycin died prematurely, and data for those animals were excluded from the evaluation of the study results.
MIC determination. For MIC determination, blood agar plates were inoculated with the strain used in this study, and the MICs of ceftriaxone and daptomycin were determined by using antibiotic gradient strips (Etest; AB Biodisk, Solna, Sweden), according to the manufacturer's recommendations. Reference strain ATCC 49619 was tested in parallel.
Determination of TNF-␣ levels in CSF. Harvested CSF samples were cleared of bacteria and leukocytes by centrifugation (13,000 rpm at 4°C) for 5 min. CSF samples were diluted 20-fold, and tumor necrosis factor alpha (TNF-␣) levels were determined by enzyme-linked immunosorbent assay (ELISA), according to the instructions of the manufacturer. The interassay coefficient of variance is less than 10% for 20 independent assays, according to the manufacturer (detection limit, Ͻ5 pg/ml; Rat TNF-␣ Quantikine ELISA; R&D Systems, Abington, United Kingdom).
Quantification of MMP-9 in CSF. The amount of matrix metalloprotease-9 (MMP-9) was assessed by gel zymography, as described previously (25) . In brief, the proteins from 3 l of CSF samples were separated by electrophoresis under nonreducing conditions in 10% polyacrylamide-sodium dodecyl sulfate gels containing 1% gelatin (Sigma). After separation of the proteins, the gels were incubated for 1 h in sodium dodecyl sulfate removal buffer (2.5% Triton X-100 in distilled water), followed by incubation in incubation buffer (50 mM NaCl, 10 mM CaCl 2 , 50 mM Tris, pH 7.6) for 18 h at 37°C. The gelatinolytic activity of MMP-9 was determined by densitometric quantification of the substrate lysis zones around 92 kDa (MMP-9) and 72 kDa (MMP-2) in gels stained with Coomassie blue. Since MMP-2 is constitutively present in CSF and changes in its levels in bacterial meningitis are 10-to 100-fold smaller than those of MMP-9 (47), it served as an internal control for the semiquantitative assessment of MMP-9. Therefore, the amount of MMP-9 was expressed as an MMP-9/MMP-2 index (25, 26, 32, 35) .
Histology and morphometry. For histopathological examination, the animals were killed by an overdose of pentobarbital (100 mg/kg intraperitoneally) and were subsequently perfused with 4% paraformaldehyde (PFA) in phosphatebuffered saline (PBS). Their brains were removed and fixed in PFA and then cryopreserved in 18% sucrose in PBS at 4°C overnight. Twelve coronal brain sections per animal were evaluated for neuronal injury of the cortex and hippocampus, as previously described in detail (43) . The area of cortical necrosis was expressed as the percentage of the total area of the cortex in each section, and the mean value per animal was calculated. For apoptosis, the numbers of cells with morphological changes compatible with apoptosis (fragmented cell bodies, condensed nuclei) were counted in three visual fields (ϫ400) in each of the four blades of the dentate gyrus. The average number per animal was calculated from all sections evaluated. Histopathological evaluations were done by investigators who were unaware of the clinical, microbiologic, and treatment data for the animal.
Statistical analysis. Statistical analyses were performed by using GraphPad Prism software (GraphPad Software Inc., San Diego, CA). Comparison of the data between two groups was done by using the unpaired Student t test. For data that were not normally distributed, the Mann-Whitney U test was used. For comparison of cortical injury, a value of 0 was assigned to the absence of cortical damage, and the Wilcoxon signed rank test was used to determine significance. For comparison of the differences in the numbers of animals with cortical damage, a contingency table was created, and significance was determined by the chi-square test. A P value Ͻ0.05 was considered statistically significant.
RESULTS

MICs of daptomycin and ceftriaxone.
The MIC of daptomycin for the S. pneumoniae strain (serotype 3) used in this study was determined to be 0.25 mg/liter. This corresponds to the value obtained for reference strain ATCC 49619 (0.38 mg/ liter) and is in the range of values (between 0.06 and 0.5 mg/liter) which have been described for 346 other pneumococcal strains (41) . The ceftriaxone MIC for the pneumococcal strain used in the present study was 0.023 mg/liter, and the MIC for reference strain ATCC 49619 was 0.094 mg/liter.
Kinetics of bacterial clearance from CSF by daptomycin or ceftriaxone. Daptomycin was more efficient than ceftriaxone at decreasing the bacterial titer 20 h after infection, i.e., 2 h after the initiation of the therapy (P Ͻ 0.015; n ϭ 9 for both treatment groups). Four hours later, the CSF bacterial titers for all daptomycin-treated animals were below the detection limit (Ͻ10 3 CFU/ml) ( Fig. 1) . At 40 h after infection, none of the CSF samples of any of the animals showed bacterial growth.
CSF TNF-␣ levels. We measured the levels of the proinflammatory cytokine TNF-␣ in CSF 2 and 6 h after administration of the antibiotic. Although the concentration of TNF-␣ in the CSF was higher in the ceftriaxone-treated group (4,578 Ϯ 928 versus 3,059 Ϯ 576 pg/ml in the daptomycin-treated group), this difference did not reach statistical significance. At 24 h after infection, the TNF-␣ levels in CSF were markedly decreased and there were no significant differences in the TNF-␣ levels between the two groups (249 Ϯ 73 pg/ml for the ceftriaxone-treated group versus 352 Ϯ 145 pg/ml for daptomycin-treated group).
Assessment of MMP-9 concentrations by gel zymography. MMP-9 was quantified by gel zymography at 20, 24, and 40 h after infection. At 20 h and 24 h, there were no statistically significant differences in the levels of MMP-9 between the ceftriaxone-and the daptomycin-treated groups. However, at 40 h after infection, while the amount of MMP-9 remained elevated in the CSF of the ceftriaxone-treated animals, the MMP-9 level in the CSF of the daptomycin-treated animals FIG. 1. Bacterial titers in CSF of daptomycin (DAP)-and ceftriaxone (CRO)-treated animals. Titers were determined before initiation of the therapy (18 h after infection; n ϭ 18 for each group), 2 h later (20 h after infection; n ϭ 9 per group), and 6 h later (24 h after infection; n ϭ 9). The origin of the y axis was set to the bacterial titer detection limit of 10 was significantly lower ( Table 1 ). The CSF of all groups of infected animals displayed higher levels of MMP-9 than the CSF of control, uninfected animals (0.085 Ϯ 0.124, n ϭ 6).
Assessment of cortical brain damage. Cortical damage was assessed at 40 h after infection. Only the animals treated with ceftriaxone displayed cortical damage, ranging from 0.26% to 7.62% of the total cortical area ( Fig. 2 and 3) .
The number of animals exhibiting morphological evidence of cortical damage (0/30 daptomycin-treated animals versus 7/28 ceftriaxone-treated animals) was significantly different (P Ͻ 0.004, chi-square test) between the two groups.
In the group treated with ceftriaxone, the level of MMP-9 in the CSF was significantly higher in animals that showed cortical brain injury than in those without cortical brain damage (1.3 Ϯ 1.0 [n ϭ 10] and 3.4 Ϯ 1.3 [n ϭ 3], respectively; P Ͻ 0.05).
Assessment of apoptotic brain injury in the dentate gyrus. Apoptosis in the hippocampal dentate gyrus was assessed at 20, 24, and 40 h after infection (Table 2) . Two hours after the initiation of the antibiotic therapy, the numbers of apoptotic cells in the dentate gyrus were similar for both daptomycinand ceftriaxone-treated animals. At 24 h after infection, the amount of hippocampal apoptotic damage increased in both groups, peaking at between 24 and 36 h after infection, in accordance with previous observations (14) . At 40 h after infection, the number of apoptotic cells returned to the level found at 20 h. The clearance of apoptotic cells by phagocytic cells, including macrophages and microglia, contributes to the regression of apoptosis over time (42) . For all time points tested, the level of apoptosis in the dentate gyri in both daptomycin-and ceftriaxone-treated animals was higher than that in the dentate gyri of the uninfected control animals ( Table 2) . 
FIG. 2. Differences in the extent of cerebral cortical damage 40 h
after infection in animals with experimental pneumococcal meningitis treated with ceftriaxone (CRO) and that in animals with experimental pneumococcal meningitis treated with daptomycin (DAP). Only the animals treated with ceftriaxone showed cortical brain damage, ranging for 0.26% to 7.62% of the total cortex area. In contrast, the daptomycin-treated animals had no cortical damage (P Ͻ 0.02, Wilcoxon signed rank test). 
DISCUSSION
Daptomycin belongs to a new class of bactericidal antibiotics called lipopeptides which are able to rapidly kill clinically relevant gram-positive bacteria. The present study demonstrates a beneficial effect of therapy with daptomycin over that with ceftriaxone in an infant rat model of experimental pneumococcal meningitis. This was reflected by the more rapid decrease in the CSF bacterial titers, the decreased concentration of MMP-9 in the CSF, and the prevention of cortical injury.
The mechanisms of brain injury have been investigated in patients who have died from bacterial meningitis and in corresponding experimental disease models (21) . Once the bacteria have gained access to the CSF, they multiply and, by releasing bacterial products such as cell wall fragments, induce an inflammatory response that is intensified by the bacteriolytic effects of antibiotics (5, 13, 39, 51) . The inflammatory reaction in the subarachnoid and ventricular spaces induces cerebral vasculitis and brain edema, leading to cerebral ischemic injury, preferentially in the cerebral cortex (21) . In the hippocampal dentate gyrus, neurons undergo programmed cell death, characterized by caspase-dependent apoptosis (14) . The damage to the hippocampus likely represents the histopathological correlate to the learning and memory deficits frequently observed in children who have survived bacterial meningitis (15, 23) .
Dexamethasone is currently the only therapy used clinically that has been reported to be effective in improving the survival in patients with pneumococcal meningitis. To be effective, however, adjunctive dexamethasone therapy must be started prior to or simultaneously with the antibiotic treatment, a therapeutic regimen that may be difficult to implement in emergency situations. This was impressively demonstrated in a recent prospective, multicenter, observational study of 156 consecutive adults hospitalized for pneumococcal meningitis in which adjunctive steroids were given to 65 patients (42%), but only 16 received corticosteroids concomitantly or within 30 min of administration of the first antibiotic dose (2) . Equally important is the fact that although adjunctive dexamethasone therapy reduces the mortality rate, a significant beneficial effect on neurological sequelae has not been conclusively demonstrated to date. Recent investigations of the long-term outcomes for adults with bacterial meningitis showed no significant differences between patients treated with dexamethasone and those treated with a placebo. The proportions of patients with persisting neurological sequelae or hearing loss were similar in the dexamethasone and the placebo groups. The overall rate of cognitive dysfunction did not differ significantly between the patients and the control subjects (57) . Moreover, experimental studies suggest that therapy with dexamethasone may even aggravate brain damage and the corresponding longterm deficits (24, 49, 60) .
The beneficial effect of daptomycin on brain injury is likely due to its multiple effects, including its rapid killing and its attenuation of the inflammation. First, daptomycin was more rapid than ceftriaxone at clearing pneumococci from the CSF. It is well documented that a rapid sterilization of the CSF is a prognostic factor for a favorable outcome in patients with bacterial meningitis (22) . In this study, we used a daptomycin dosage of 50 mg/kg administered s.c. This is in accord with the findings of a study with adult rats, in which a similar dosage (40 mg/kg administered s.c.) resulted in a maximum concentration in serum and an area under the concentration-time curve from 0 to 24 h for serum comparable to those obtained in humans administered 6 mg/kg intravenously (45) . The dosage used in the rabbit experimental model (15 mg/kg) also achieved similar peak levels in serum (9) . Higher dosages up to 12 mg/kg (once daily for 14 days) have been shown to be well tolerated (4) . However, such a high dosage is likely unnecessary, since it has been shown that higher doses do not increase the antibacterial efficacy, since sufficient CSF level/MIC and area under the concentration-time curve for CSF/MIC ratios can be obtained with lower dosages (9) . No data on the pharmacokinetics of daptomycin in infants are currently available, but the pharmacokinetics of daptomycin in infants are likely to be different from those in adults. Nevertheless, the dosage used in the present study was sufficient to clear the CSF of bacteria at a rate faster than that achieved with ceftriaxone.
A second attribute of daptomycin which makes it attractive for the therapy of bacterial meningitis is that it acts in a nonbacteriolytic way. The effect of daptomycin has been proposed to result from a calcium-dependent depolarization of the cytoplasmic membrane (1) . The resulting collapse in the electrochemical gradient may then be responsible for the observed cessation in the biosynthesis of proteins, RNA, DNA, peptidoglycans, lipoteichoic acids (LTAs), and lipids. Other mechanisms could also be involved, since it has been demonstrated that in nongrowing cells treated with daptomycin, membrane depolarization occurred after cell death (17) . In the CSF of rabbits with experimental pneumococcal meningitis, therapy with daptomycin led to an approximately 10-fold lower release of 3 H-labeled choline, assessed as an index of bacterial cell wall lysis, compared to that achieved by therapy with ceftriaxone (49a).
The release of proinflammatory components of bacterial origin (LTA and peptidoglycans for gram-positive bacteria) has been shown to be one of the first steps in the pathophysiology of bacterial meningitis. LTA is able to activate the innate immune response through activation of the Toll-like receptor TLR2 (12, 19, 20, 28) . Furthermore, LTA concentrations in CSF have been shown to be associated with neurological sequelae and mortality in patients with pneumococcal meningitis (46) . Peptidoglycans from gram-positive bacteria contain highly inflammatory substructures, in the form of trimers or more complex structures, which might be revealed in vivo during endogenous bacterial wall remodeling or bacterial hydrolysis caused by an exogenous host lysozyme or antibiotics (36) . We postulate that daptomycin treatment results in the attenuated release of such proinflammatory cell wall components. We did not measure the concentration of LTA-or peptidoglycan-derived constituents in the CSF in the present study, but the attenuated release of membrane-or cell wallbound [ 3 H]choline in the CSF has been observed in the rabbit model, as well as in in vitro experiments, when daptomycin and ceftriaxone antibiotic treatments were compared (49a) .
The use of nonbacteriolytic antibiotics has been shown to exert potentially beneficial effects in the treatment of bacterial meningitis. In in vitro experiments, the release of LTA/teichoic acid during the treatment of S. pneumoniae infections with different antibiotics that inhibit bacterial protein synthesis (ri-fampin, rifabutin, quinupristin-dalfopristin, or clindamycin) was attenuated compared to that observed when ceftriaxone or meropenem treatment was used (16, 31, 50) . Similarly, group B streptococci exposed to rifampin or clindamycin (as opposed to ampicillin or cefotaxime) reduced the levels of production of inflammatory mediators by murine macrophages upon stimulation (6) . In an experimental model of meningitis, the use of clindamycin, rifampin, and quinupristin-dalfopristin has also been proven to be beneficial in terms of LTA release, neurological damage, and/or mortality (5, 13, 39, 51) .
Assessment of the TNF-␣ concentration in the CSF 2 and 6 h after the initiation of antibiotic therapy with either ceftriaxone or daptomycin did not document significant differences. However, at 40 h after infection, we demonstrated a statistically significantly lower concentration of MMP-9 in the CSF of animals treated with daptomycin compared with that in the CSF of animals treated with ceftriaxone. Brain damage starts to evolve at about 20 h after infection in the experimental meningitis model. However, the processes that underlie brain damage persist for several days after the initiation of antibiotic therapy. Recent experimental and clinical evidence supports this concept. In experimental pneumococcal meningitis, assessment of mRNA expression in brain regions prone to injury revealed that the genes relevant for brain damage have not yet reached their peak expression even at 40 h after infection, i.e., 22 h after the initiation of antibiotic therapy (8) . One of these genes encodes the endogenous tissue inhibitor of MMP-9 (TIMP-1) (47). TIMP-1 primarily complexes with MMP-9 and thus inhibits the biological effect of excess MMP-9. In a patient with pneumococcal meningitis, increasing levels of MMP-9 in CSF were associated with persisting vasculitis and delayed brain injury beyond 4 days after the initiation of antibiotic therapy (44) . MMP-9 has been identified as an important contributor to brain damage in patients with bacterial meningitis (25) . In children with meningitis, the amount of MMP-9 in the CSF represents a risk factor for an adverse outcome (26) . In situ zymography experiments detected increased gelatinolytic activity within the meninges, the subarachnoid space, the penetrating vessels, and the perivascular space. An excess of MMP-9 has been found to contribute to the development of cortical lesions in patients with bacterial meningitis and in experimental models (44, 47) . In children with bacterial meningitis, high levels of MMP-9 were identified as a risk factor for persisting neurological sequelae (27) . This clinical observation falls in line with the present data, which showed significantly higher MMP-9 levels in ceftriaxone-treated animals with cortical brain injury than in those with no brain damage. MMP inhibition resulted in a decrease in cortical damage in experimental pneumococcal meningitis (23, 35) . In accordance with these findings, we observed a decrease in the MMP-9 level in association with an attenuation of cortical damage in daptomycin-treated animals.
In conclusion, using a infant rat experimental model of pneumococcal meningitis, we compared daptomycin therapy with ceftriaxone therapy. The more rapid clearance of bacteria in the CSF in association with less inflammation and cortical damage identifies treatment with daptomycin as a new, potentially valuable approach for further research into the treatment of pneumococcal meningitis.
